Hadron properties and their interactions in a nuclear environment are considered in the framework of the in-medium modified Skyrme model. Furthermore, the influence of the medium modifications of the single hadron properties and their interactions to the stability of the whole system is considered by using the variational method of the Hartree-Fock type. In addition to previous studies, we discuss the possible in-medium modifications of the stabilizing Skyrme term which can be related to the modifications of vector meson properties in a nuclear environment. §1. Introduction
§1. Introduction
The main goal of nuclear many-body problems is to study the equation of state (EOS), i.e. the density dependence of the binding energy per nucleon. There are many different theoretical studies of the EOS -the microscopic many-body approach, 1) the effective field-theoretical 2), 3) and the phenomenological 4) approaches. * * * ) These many-body theories provide very useful tools for understanding the properties of dense and hot matter.
In principle, the medium-modified Skyrme model, 5), 6) in connection with quantum-mechanical variational methods 7) (like the Hartree-Fock method), can be applied to the complete analysis of the bulk properties of nuclear matter. 8) To perform this analysis, the knowledge about single hadron properties and the NN interaction in a symmetric 5), 6) (or asymmetric 9), 10) ) nuclear environment will be important. There are many experimental data indicating the changes of those properties.
In this context and at the present work, we study the modifications of the single Skyrmion properties in the nuclear environment and discuss the phase structure of the Skyrmionic matter taking into account those possible modifications. To perform the proposed task, we modify not only kinetic and mass terms of the standard Skyrme Lagrangian as it is done in Ref. 5) , but also consider possible modifications of the Skyrme term. It is well known that Skyrme's quartic stabilizing term 11) may be related to the vector meson dominance 12) through implicit gauge symmetry of the nonlinear sigma model Lagrangian. 13) In this sense, the modification of the Skyrme parameter may be related to the vector meson properties in a nuclear environment. §2.
Medium modification of hadron properties
We start from the in-medium modified Skyrme Lagrangian 5)
where F π denotes the pion decay constant, e is the Skyrme parameter, and m π stands for the pion mass. The medium functionals, α s and α p , have the following forms:
and express the influence of the surrounding environment to the single hadron properties. These parameters are related to the corresponding phenomenological S-and P -wave pion-nucleus scattering lengths and volumes, i.e. b 0 and c 0 , respectively, and describe the pion physics in a baryon rich environment. 14) The density of the surrounding nuclear environment is given by ρ, g 0 is the Lorentz-Lorenz or correlation parameter, and M N is the nucleon mass. In addition, we introduce the new density-dependent functional
which represents the in-medium dependence of the Skyrme parameter and γ 0 is a free constant parameter. * ) As mentioned in Introduction, this medium modification can be related to the density dependence of the vector meson properties. Furthermore, we will consider an infinite nuclear matter approximation with a constant density ρ = const. The equation for the classical pion field profile can be obtained by choosing the spherically symmetric "hedgehog" form for the boson field U = exp{inτ F (r)} (n is the unit vector in coordinate space and τ are usual Pauli matrices) and by minimizing the mass of the static Skyrmion * * )
In the last expression, we introduced the dimensionless variable x = eF π r and the new definitions
The quantization of rotational excitations of the classical Skyrmion 15) gives the nucleon mass and Δ − N mass splitting
For simplicity, we consider the linear dependence of the Skyrme parameter on nuclear density. * * ) From now on "
* " indicates an in-medium modified quantity. 14) The density is given in units of the normal nuclear matter density, ρ 0 = 0.5 m Finally, we will present also the expression for the in-medium modified πN N form factor 6)
which will be used to calculate the πN N coupling and the cutoff parameter Λ * . Using the Lagrangian (2), one can calculate the in-medium modifications of the single nucleon properties and the meson-nucleon couplings. During calculations, the Skyrme model parameters are taken as e = 4.63 and F π = 94.81 MeV, in order to reproduce the set of parameters describing the phenomenological type one-boson exchange (OBE) potential. That potential allows us to get the crystalline structure discussed in Ref. 7) , if the medium effect on single nucleon properties is not taken into account. The parameters of medium functionals (2 . 2) are taken from Ref. 14) .
The results of calculations are represented in Table I , where the ratios of the medium dependent parameters to their free space values are given at different nuclear matter densities and for different fixed values of free parameter γ 0 .
From the previous studies we know that the large renormalization of the nucleon mass in the nuclear medium brings about one of the difficulties to bind the infinite nuclear matter 8) and to reproduce the correct values of the Nolen-Schiffer anomaly in mirror nuclei within the in-medium modified Skyrme model. 10) From Table I , one can see that the decreasing value of the Skyrme parameter * ) in medium causes the medium modifications in a desired direction, i.e. the nucleon mass modifications become smaller. * * ) The similar changes happens in the πN N coupling, i.e. g * πN N corresponding to the modified Skyrme parameter is getting closer to its free space value in comparison with the γ 0 = 0 case. On the other hand, the Δ − N mass splitting is decreased (compare the cases, i.e. γ 0 = 0, γ 0 = 0.1 and γ 0 = 0.2 listed in columns for the given nuclear matter density). It is interesting to consider the effect of the additional parameter to the bulk properties of the many Skyrmionic systems. §3.
Energy functional of the Skyrmionic crystal
In order to consider the binding energy of nuclear matter, one should consider several crystalline configurations and choose the appropriate one corresponding to the minimal binding energy per nucleon. First, we will consider the Face Centered Cubic (FCC) crystal with the maximal attractive tensor potential between neighboring lattice nucleons. In the FCC crystal, the number of neighboring nucleons are twelve. In order to minimize the energy of the system, one can use the quantummechanical variational method of the Hartree-Fock type. The wave functions of the lattice point nucleons can be taken in the Gaussian form and the whole wave function of the system in the form of Slater's determinant. When one considers the interactions of only neighboring nucleons, the binding energy per nucleon in the FCC crystal is given by the formula 7), 8), * )
Here we have taken into account only the OBE tensor part of the NN potential between lattice point nucleons, which has the following parametrization in momentum space
We are now in a position to discuss the results related to the Skyrmionic crystal. In our calculation, the following set of the OBE potential parameters has been used for the free space case: g πN N = 14, M N = 940 MeV, M ΔN = 300 MeV, m π = 140 MeV and Λ = 500 MeV. The effective and density-dependent values of these parameters have been calculated within the in-medium modified Skyrme model, which is discussed in the previous section 2 (see γ 0 = 0 case for density modifications, in Table I for the case when the Skyrme parameter is not modified). More details of the calculations can be found in Ref. 8) . If one does not consider the influence of the medium to the single Skyrmion properties there is a bound crystalline state of the nuclear matter at several times of ordinary nuclear matter densities. 7) This * ) For simplicity, we will ignore the long distance effects in the wave function taking the parameter value η = 0 (see Ref. 8 ) for more details). situation is shown in Fig. 1 by the dashed curve. But when one takes into account the influence of the medium on the single nucleon properties and meson-nucleon interactions, there is no bound state. 8) This result is represented by the solid curve in Fig. 1 . This result is mainly due to the large renormalization of the single nucleon properties and the meson-nucleon interactions in nuclear matter. In Ref. 8) , using the toy model it has been discussed and shown that the suppression of quantum fluctuations will lead to the crystalline state of nuclear matter at ordinary nuclear matter densities. In the Skyrme model, the suppression of rotational quantum fluctuations occurs if the moment of inertia is increased in the nuclear medium. This case corresponds to the decreasing value of the Skyrme parameter in nuclear medium (see Eq. (2 . 5)). The modification of the Skyrme parameter also changes the other properties of the Skyrmion in nuclear matter, for example, the nucleon mass is also relatively less renormalized.
The results when the Skyrme parameter is modified in nuclear medium is presented in Fig. 2 . One can see that the decreasing value of the Skyrme parameter in nuclear matter leads to the lowering of the binding energy per nucleon around the normal nuclear matter densities (see long-dashed and short-dashed curves, respectively). Nevertheless, the modification of the Skyrme term is still not enough to bind the crystalline system of Skyrmions. §4. Summary
We have considered the modified properties of hadrons and their interactions in nuclear matter within the in-medium modified Skyrme model. The outcome from the results have been applied to the study of the phase structure of nuclear matter. The present approach implies that the medium-modifications dramatically change the phase structure of nuclear matter. This happens on the one hand due to increasing the quantum fluctuations in nuclear environment and on the other hand due to decreasing the tensor part of the NN potential. Modifications of the Skyrme term with the decreasing Skyrme parameter in nuclear matter acts in opposite ways: i) the medium modifications of the nucleon mass and the Δ − N mass splitting are less modified, compared to the case when the Skyrme term is not modified; ii) the OBE potential is also relatively less decreased in nuclear medium. However, moderate modifications of the Skyrme term is not enough to bind nuclear matter in the form of FCC crystal. The large modifications of the Skyrme parameter in the nuclear medium lead to increasing the mass of the nucleon in nuclear matter because of the large renormalizations of the quartic term in the Lagrangian (2) . As stated in Ref. 8 ) there might be a possibility that a condensed state at the normal nuclear matter density could exist within the framework of the medium-modified Skyrme model, if there are further possibilities of decreasing the quantum fluctuations and increasing NN interactions. This may be a way to include scalar-isoscalar degrees of freedom. 4) 
